Introduction
Physical vapor deposition (PVD) methods such as balanced or unbalanced magnetron sputtering, ion-beam assisted deposition, etc are used for synthesis of metallic and non-metallic coatings for a wide range of applications. Residual stresses arising from the growth process are intrinsic to these coatings and may lead to film cracking or delamination or undesired modifications of electrical, optical, or magnetic properties [1] . Bombardment of the film during growth with energetic particles (ions or neutrals) with energies in the few tens to a few hundred eV is inherent to most PVD processes, and these are referred to as ion-beam synthesis here. It is well known that in ion-beam synthesis both the magnitude and sign of the residual stress of the coating depends performed under on the bombarding ion energy and flux [1] [2] [3] [4] . Hence, synthesis may be a chosen ion energy and flux condition so as to the tailor the stress in the coating for optimum performance. However, the fundamental mechanisms of stress evolution during ion-beam synthesis are not well understood.
The tensile residual stress evolution in thin films is usually attributed to an island coalescence mechanism [5, 6] with the stress scaling inversely with the size of the coalescing / islands. While order-of-magnitude estimates indicate that very large tensile stresses may result due to island coalescence [6] , the evolution of tensile stress with increasing bombardment has not been modeled. The compressive stress is usually interpreted in a phenomenological way as an "atomic-peening" effect [1] . In the present investigation, we develop an interatomic force model to interpret the evolution of tensile stress with increasing ion energy in ion-beam synthesized metal thin films.
Experimental Procedures
Cr films, with -150 nm nominal thickness, deposited bydcmagnetron sputtering on {100) Si wafers using 300 W power to a 10 cm diameter target were used as a model system in this study. The target-to-substrate distance was -10 cm and the deposition rate was -0.6 nrn/s. In the experiments described here, negative substrate bias was used bombardment during synthesis. In one set of experiments, substrate bias to provide particle was varied from O to 500 V at a fixed Ar gas pressure of 5 mTorr. These data are used to interpret the compressive stress evolution. In another experiment, substrate bias was varied from Oto 250 V at a fixed Ar gas pressure of 6 mTorr, and Cr films capped with a thin layer of Al to protect from oxidation.
These data are used to validate the tensile stress model. In a separate study, we have shown that adsorption of oxygen on the open columnar boundaries may affect the tensile residual stress [7] .
Hence, the Al cap layer was used to study absence of oxygen adsorption. The residual the tensile stress evolution in the Cr layer in the stresses were measured after deposition using the wafer curvature technique. Transmission electron microscopy (TEM) was performed on a Philips CM 30 microscope at 300 keV. Rutherford backscattering spectroscopy (RBS) was performed ,. using 2 MeV He+ ions.
Results

Stress Evolution
The evolution of residual stress in Cr films with increasing substrate bias for 5 mTorr and 6
mTorr Ar pressures is shown in Fig. 1 . For the 5 mTorr case, the stress evolution with increasing substrate bias voltage is as follows: initial increase of tensile stress to a peak of -1.5 GPa, , , relaxation of tensile stress, rapid build up of compressive stress to a peak of -2 GPa and gradual decrease in compressive stress. The compressive stress evolution is interpreted as due to the extra volume added by the point defects induced during ion-beam synthesis [8], and is not discussed f~her in this article which is focused on modeling the tensile stress evolution.
For the 6 mTorr, only the tensile stress part was investigated, and stress in the Cr layer only (minus the stress in the Al-capped films, as shown in ref . 7) is reported. However, the tensile stress evolution is similar: increase to a peak followed by relaxation. The bias voltage (which roughly scales with the bombarding ion energy) at which the peak in tensiIe stress is observed is shifted to higher values as Ar pressure is increased. The peak in tensile stress for the 6 mTorr deposition is of the same order as that for 5 mTorr. where vid~~l is the volume in the absence of (1) voids, Vfil~is the volume in voided film and h is "the column height that remains same for both cases. Eq. (1) may be simplified to express A in terms of d and the density ratio as follows:
These results are presented later when comparing the experimental data with the model predictions. 3 . This interatomic stress may be correlated with the experimental stress and microstructure evolution by putting the interatomic distance (a) in Fig. 3 equal to the inter-columnar gap distance (A). Note the qualitatively similarity between Fig. 3 and Fig. 1 . This is consistent with our hypothesis that with increasing ion bombardment during synthesis the intercolumnar gaps gradually close up, thereby reducing a and building up tensile stress to a maximum. Further decreases in a result in tensile stress relaxation, and when a=% (~is the equilibrium interatomic distance for which the potential energy is minimum), the stress is zero. For films with maximum tensile stress, A was calculated using eq. (2) to be -0.48 nm. Applying this distance to Fig. 3, gives a tensile stress of -0.9 GPa, of the same order as the -1.5 GPa maximum stress experimentally measured for the 6 mTorr deposited films. Interestingly, A of 0.48 ti does not correspond to the maximum stress in Fig. 3 -.
Examining Fig. 3 , we see that the stress values predicted in the region between points O to A correspond to the experimental stresses in Cr films made at 6 mTorr in the energy range between O and -100 V, The experimental saturation stress value is point A in Fig. 3 . We hypothesize that the stress level shown by a dotted line in Fig. 3 represents the yield strength,of the film and sets a limit to the maximum elastic residual stress possible in our films (in the region from A to B in Fig. 3 ). From points B to C in Fig. 3 , as the gap distance approaches ao, and the tensile stress quickly decreases to zero consistent with the data of Fig. 1 . Two additional issues arise from the above discussion and these are discussed below.
First, we note that the calculation of dE/dV (Fig. 3) gives the mean hydrostatic pressure when the interatomic distance changes between all atoms in the solid. TO accurately evaluate the tensile stress in our films, we sum the interatomic forces exerted on one crystallite by the adjoining crystallite. Our approach is schematically illustrated in Fig A values are used to predict the film density using eq. (2) and the results are compared with the measured densities in Table 1 . The measured densities compare reasonably well with the film densities calculated from the tensile stress model. The film thickness (and hence, the density) measurements are not very precise due to surface roughness of films (Fig.2) . Furthermore, the approximation that all grains are square in cross-section and of the same size adds to the error in the A estimates from the density measurements. Hence, we have back calculated the film density by comparing the experimental stress values to the model predictions and compared to experimental density measurements. Finally, the interatomic potential used is an approximation, and so the model predictions and experimental data comparisons should only be regarded as approximate. Nevertheless, the trends in our experimental data are well described using the 
. A model has been developed that predicts the tensile stress evolutio~.with increasing ion bombardment in ion-beam synthesized coatings, Tensile stress originates from the attractive interatomic interactions between coalescing crystalIites as the ion bombardment is increased. We show that the inter-columnar gap distance may be estimated by measuring the film density and using interatomic potentials, the interatomic forces may be su&ned on the surface atoms of the coalescing crystallite and used to calculate the tensile stress. The model predictions are shotin to compare well with the experimentally measured stresses in sputtered Cr coatings 011biased
substrates. 
